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ABSTRACT

The solution mning of oil storage caverns in salt dones for
the Strategic Petrol eum Reserve has pronpted the devel opment of a
code to predict cavern shape and volune as a function of prescribed
flow paraneters. O particular interest is the ability to predict
shape changes while leaching is proceeding at the sane time the
cavern is being filled with oil (leach-fill) and when oil is being
wi thdrawn by fresh water displacenent. The theory and overall
numerical procedures used in the code devel opment are descri bed.
Inplicit, finite difference nethods are used to solve an axisym-
metric mass conservation problem Calculated results are given
whi ch exercise each of the code options and where possible these
results are conpared with other calculations or available data
fromsolution mning in progress at Bryan Mund, Texas.

This report is not a users manual for the code.
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|. 1 NTRODUCTI ON

The United States Strategic Petrol eum Reserve (SPR) consists
of an underground oil storage system which uses caverns which
have been | eached in salt domes near the Gulf of Mexico and a
former salt mne on Weks Island, Louisiana. Some of the cavern
space, formed during conmmercial brining operations, was available
for storage shortly after the program began: however, since this
space was |ess than 250 mllion barrels and storage of up to 1
billion barrels of oil has been contenplated, the DCE has under-
taken an extensive new cavern |eaching program

Sandia National Laboratories has, since the end of 1978, been
serving as a technical consultant to the DCE on various aspects
ofthe SPR programincluding the | eaching project. One of the
tools used to predict cavern devel opnent and fornulate |eaching
schedul es has been a conputer code, SALT77, devel oped for the
Solution Mning Research Institute by Ahned saberian and A L
Podio.l This code has been very useful for planning some portions
of the leaching program however it has the follow ng di sadvan-
tages: it does not permt nodeling of |leaching during oil wth-
drawal w thout an approxi mate and tedi ous sequencing of runs: it
cannot be used in a no-flow case to estimate cavern growth during
the period that the cavern fluid goes to saturation: and the
explicit nunerical formulation used necessitates a time step
limtation which causes inpractically long running times for
some configurations.

Aside from the above functional disadvantages, it is sone-

times desirable to nodify the solution mning code to nmeet new or



changi ng needs of the mining operation. The enpirical nodels used
in the SVMRI code and its structure make it difficult to nmodify

Wi thout extensive famliarization. To overcone these problens a
new Solution mning code is being devel oped at Sandia Nationa
Laboratories. This report describes the nodels used in the new

code and gives some results of applications to SPR cases.



. THEORY

Basi ¢ Equati ons

Figure 1 shows the configuration to be considered in cavern
| eaching. Fresh water (or water of low salinity) is assuned to
enter the cavern at the injection level. |n Figure 1, this |evel
is below the brine production level (direct |eaching), however,
the injection and production levels may be interchanged by switch-
ing the water and brine connections at the surface (reverse
| eaching). In either case the fresh water injected will be |ess
dense than the cavern brine and will, because of buoyant forces
forman upward moving plune. Since the mixing within the plune
is usually rapid an analysis of plume dynam cs based on the
assunption of a uniform specific gravity and velocity within the
plume (top hat nodel) is appropriate. Reference 2 presents the
results of such an analysis as a set of equations which describe

the dynam cs of an unconstrained steady plune.

2

%’e_u)z 2abu
d (b2 u?) _ - .2 - (1)
—a— =2 (C:0 C)

d (b2 ug (C c)) ac
o~ - 2 o
a3 2 b ug ~Fe—
wher e b is the effective plume radius

Cand cg are fluid specific gravities in and out of the
pl ume

uis the plune velocity in the vertical (z) direction
g is the acceleration of gravity

and ais an entrai nment coefficient.
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Wien the plume is rising through a stably stratified fluid
(3 co/ar <0)it will riseto a certain level and stop, and its
radius will growindefinitely. This level is denoted by the
plume stagnation level in Figure 1. |f the plume is rising in
an unstably stratified fluid it wll continue to rise and grow
until it interacts with the cavern walls which then constrain
the plume and change its rise rate. The level at which this
Interaction occurs will also be denoted as the plume stagnation
| evel , because in either case the entire plune flow is deposited
inthe fluid cell containing this |evel

If the plume stagnation |evel is above the production |evel
the cavern fluid will flow downward at an average velocity deter-
mned by the injection rate and the cavern radius. Since the
injected fluid is |ess dense, the region bel ow the stagnation and
production levels (exclusive of the plune) will be stably strati-
fied. If the stagnation level is below the production |evel (as
shown in Figure 1) the net cavern flow will be upward and the
fluid above the stagnation level wll'be quasi-stable, and bel ow
it,t Stabl e. Quasi-stable means that even though the density
gradient is unstable, with the heavier fluid on top, the wall con-
straints and the large length to dianeter ratios generally preva-
lent in caverns being |eached, prevent |arge scale rapid mxing
or rollover fromoccurring. A large nunber ofsnmall scale Raleigh
instabilities are likely to occur that give rise to a mxing
which it has been assumed can be described by an enhanced diffu-

sion coefficient.



All the fluid in the cavern, except for a small region of
pl ume rise between the injection and stagnation levels, and a
thin boundary |ayer region next to the surface, will be stable or
quasi -stable for all cases. Rahm and walin3+4/5 have devel oped an
approxi mate theory for treating conmbined natural and forced con-
vection in stably stratified enclosures where the natural convec-
tion is induced by wall sources weak enough so that the thermal
or concentration boundary l|ayer variations are smaller than the
total variation due to stratification. The result of this analysis
is that the variation of specific gravity, C, with height in the

"bulk ofthe fluid is given by Equation (2) for axisymetric caverns.

3C+(.'19-_2_925 sc , 2PSa (c - &) 8%
g I cos 8 342 (2)
where M, is the total externally induced volune flow rate
Ais the cavern cross sectional area
Dis the diffusion coefficient of salt in water
r i s the cavern radius
Sq IS a source coefficient defining the wall boundary

condition by dc¢

Cis the specific gravity of the fluid at the wall (g = 0).
Taken to be the saturation value of 1.202
t is time

and ®is the wall angle with respect to vertical.

Equation (2) is a nmass conservation equation which sets the rate

of salinity increase (first tern) equal to the sum of the net



convective flux (second ternm, the rate of salt dissolution at the
wall's (third term and the diffusive flux (last term.

Rel axation of the stable stratification restriction to a
quasi -stable one wll primarily affect the area change portion of
the convective termwhich, in a |eaching situation, is small com
pared to the external convection. It wll therefore be assuned
that Equation (2) is applicable throughout the cavern, with a
di ffusion coefficient that is a function of position.

In order to evaluate the boundary source coefficient, sg,
enpirical salt dissolution nodels were used. Data on salt disso-
lution rates was taken at the University of Texas in the 1960s,6¢7
and sone of the results are sumuarieed in Reference 1.

The recession rate of a large vertical wall of salt dissolving
under the influence of natural convection can be correlated as a
function of the bulk fluid specific gravity, C, alone at tenpera-
tures near 70°F.

g% = 45, 654996 c? -~ 232.29310 ¢ + 469.52470 ¢2

(3)
- 470. 37554 C + 232.73686 - 45.203241 /c ft/hr
The recession rate varies with wall angle, 6, nmeasured fromthe
vertical so that 8 = 90 is an upward facing surface and 8 = -90

is a downward facing surface, according to:

dr dr 1/2
— - . [co' e]
dt at
6>0 0=0 (4)
[ a Y |
= G - /6 :




The volune of salt renmoved, VSR from a height increment, dz, in
atim, A, is

VSR = andzatdr At (5)

To interpret the change of specific gravity in terms of the
volume of salt renoved, two functions are defined: EWP, which

gi ves the wei ght percentage of salt as a function of specific
‘gravity, and its inverse FSG  The nass of salt dissolved in a
volune, V, of cavern fluid of specific gravity, C, is CV FWP(C).*
The mass of salt renoved is VSR Cgaqqs WhEre Cgaqe 1S the spe-
cific gravity of rock salt (=2.16). The new wei ght percent, w,

of salt after dissolution of additional salt is

_ (CV FWP(C) + VSR Cgpay¢) (6)
(CV + VSR C

salt)

and the specific? gravity rate of change is,

dc _ FsG(w) -C . (7)
at At
Substituting (7) into (2) for the case of constant zero salinity

gradient permts evaluation of s, in terns of the salt renoval

d
rate.
§ = LFSG(w) = r cos 6 (8)
d 2 DAt (C~-2C)

The cavern fluid through which the plume flows |oses salt by

entrainment into the plume. This |oss nechanismis not accounted

* AT nasses are nornalized by the density of water.



for in Equation (2), therefore an additional sink term should be
included in Equation (2). Although such a term has been included
in the coding, the best wayto evaluateit is not clear. At present,
the sink termis set to zero and the plune injection flow at the
stagnation level is set to the inlet injection rate and specific
gravity. That is, after determining the appropriate stagnation

| evel from plune theory (Equation (1)), the code behaves as though
the fresh water were injected and mxed directly at the stagnation
level. This approximation should cause nore dissolution at the
stagnation level and |less below it, however conparison with calcu-
| atione enploying a different sink nodel showed little difference
for the reverse leaching case. For the direct |eaching case where
.the bulk flowis all upwards, the neglect of the sink termwould
result in a large stable gradient between the injection and stagna-
tion level. This gradient would restrict the distance between the
injection and stagnation |levels to approximtely 0.155010'4 f eet
where Qj ££3/hr i's the injection flow rate.2 For nost SPR prob-
lens this distance is |ess than one mesh space, so to save conpu-
tational time and avoid a nunerical plume oscillation problem

the stagnation |evel has been assumed to coincide with the injec-
tion level for all direct |eaching cases. Since there will always
be significant m xing between the injection and stagnation |evels
due to convective return of entrained fluid it is expected that
this will be agoodapproxi mation for most cases.

D ffusion Coefficient

The diffusion of salt through water by therno-nolecular pro-

cesses is very slow, having a nolecular diffusion coefficient of



5.4 x 1072 £t2/hr (1.4 x 10”5 cm?/sec). Wen an unstable salinity
gradi ent exists any disturbance will grow into a plume which, in

an unbounded region with a constant gradient can be described by®

= -2 2z
u 9 dz 4 a
_ - 1 9% (9)
C C% T3 2 b.
.where the synbols are defined in Equation (1). It is seen from

10

(9) that the velocity, density difference and plunme radius al
increase wth vertical distance, z. |If the plume is confined
Equations (9) can only describe the plune growth until the plume
radi us, b, becones a significant fraction of the confining |ength.
At this point the backflow required by mass conservation limts
the plume growth. For exanple, in a vertical cylindrical tube of
radius R the backflow velocity wll equal the plume velocity when
the plune radius becones R/Y2. A large departure of the backfl ow
velocity fromzero or |ow anbient velocity invalidates Equations
(9) and there will be some Iimting plunme radius and velocity
which is proportional to the confining radius. After the plunme
reaches this limiting radius its velocity and buoyancy will decay
due to turbulent entrainment and diffusion. Letting the plune

radius, b, be proportional to R and combining (9) a and ¢

u v (252)1/2 R (10)
T omax dz



By anal ogy with nolecul ar diffusion, an eddy diffusion coefficient
may be defined as the product of velocity and a mxing length, &,

so that
ac_\1/2
Pe ™ (a'z—o) R2 (11)
If it is assuned that the mxing length is also proportional to
R Equation (11) becones

] acg\1/2 ,
De = D, (az‘) R (12)

where Dy is a proportionality constant. Experi ments on downward
salt diffusion in 2 and4inch vertical tubes,' jnpdicate that

i ndeed the diffusion coefficient does scale with the tube radius
squared and pg % 31.7 ££1/2/gec.

When the confining radius becones verylarge the instability
growh is limted not by the confining walls but by adjacent con-
vection cells. The wavel ength of the fastest growing instability
determnes the size of these cells. A sinple estinmate of the
wavel ength ofthe fastest-growing instability of athick |ayer of

high density fluid overlaying alower density fluid is,19
2 ,1/3
= 4 A4
A “(A_C. ) (13)

where A is the wavelength, v the kinematic viscosity of the two

layers and ac is thedifference in specific gravity of the two

layers. To estimate the wavel ength for the constant gradient

case, AC of Equation (13) is replaced by % 2, where ¢ is the
2

vertical mxing |ength.

11



ac gy

2
A= 4"(2\) C )1/3
dz

(14)

Two point instabilities separated by a should coal esce, according

to Equation (9¢) when

so that from (14)

- (6T 3/4 2 2 1/4
e = (&) (d_c\:) gc) (15)

If it is assumed that the eddy diffusion coefficient is propor-
tional-to the product of velocity and mxing | ength, aswasdone
in devel oping Equation (12) and the mxing length is taken as the

m ni num of cavern radius r, and & (as given in (15))

D_ = D. d4c/dz Mn (r2, 22). (16)

-] o

Equation (16) is the final formof the eddy diffusion coefficient
to be used in Equation (2) where D =Dy, + Dg. The value of Dj
used was 31.7 ££1/2/sec taken fromthe data of reference 9, and
the value of a in Equation (15) which best fit a |imted anount
of data taken from Bryan Mund wel|l 104 was 0.064. This val ue of
a is not far from other experimentally determ ned val ues for.

buoyant plunes and jets which vary between 0.08 and 0.13.2.11

12 -



Nuneri cal Met hod

The cavern space to be solution mned is divided into N
vertical increnments with a mesh point |ocated at each of theN + 1
boundary planes. Al values within an increment are assumed to
be represented by the value at its |lower boundary. The initial
radii andconcentrations for each increnent, the oil-brine inter-
face | evel , injection and production levels, and the injection
flow rate are defined for each case.

At every third time step the Equations (1) are solved, using
the Sandi a system |library integration routine ODERT, for the
plume concentration, flow rate, and stagnation |level. At each
time step the concentration in the mesh increnent containing the
stagnation level is updated by a massbal ance between the injected
fluid, the remaining brine in the increment volune, and the salt
whi ch diffused and dissolved during one time step. This concen-
tration serves as oneof the boundary values for the solution of
Equation (2) above and bel ow the stagnation |evel.

Al'l the ternms except the convective one in Equation (2) are
inmplicitly center differenced i n conservation form Upw nd dif-
ferencing is used on the convective term The difference equa-
tions are solved with a tridiagonal algorithm The diffusion
coefficient is a function ofconcentration gradient and i s calcu-
| ated by

- ac\1/2 (17)
D Dmo1+Do(Tz')+ Mn (r, I1)

where Dy,y IS the nolecular diffusion coefficient, (dCdz)+ is

t he specificgravity gradi ent when positive, and is zero when

13
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the specific gravity gradient is negative. The coefficient by is
an enpirically determned eddy diffusion parameter, and the m xing
length & is determ ned from Equation (16) with a = 0.064.

After the solution of Equation (2), the new concentrations
are used to calculate the wall recession rate and vol une of salt
removed from Equations 3, 4 and 5. The cavern radii are updated
and the coefficients of Equation (2) reevaluated in preparation
for the next tine step.

Since the plune Equations (1) and the concentration Equation
(2) are tightly coupled and sol ved sequentially, some numerica
oscillation or bouncing of the plume stagnation |evel can occur.

In order to stabilize the plume and limt the errors due to this
oscillation, the stagnation |level has been restricted to lie within
one nesh interval of the level previously calculated (it can

change by only one space at a time). Since the time required for
the plune to find a stable level is small conpared to the |eaching
tinme, this approximtion should introduce little error.

Boundary Condi tions

Al though only two boundary conditions are necessary to solve
Equation (2) it was found that convective source terms could be
i ncl uded nmost conveniently by dividing the conputational donain
into regions above and bel ow the plune stagnation |evel. The
fluid specific gravity at the stagnation level is used as a
boundary condition for Equation (2) in these two regions, and is
found by doing a mass balance in the stagnation cell between
injected fluid, remaining fluid, disolved and diffused salt. Spe-

cifically the stagnation |level specific gravity for the next tine



interval, c;*, is conputed by Equation (18),

j
L. + D At e * Qi At _
cj cj 2;7 (cj+1 cj ) + 7 [ci Cjii]
(18)
VSR
* v Csalt f

where Q4 is the injection fluid volune flowrate
cy is the injection fluid volume specific gravity
V is the volune increment at the stagnation |evel
f is the ratio of ac/aw, taken to be ~ 0.777

and other quantities are as previously defined. Only the gradient
at the upper boundary is used in the diffusion term (second term
on the right) because the region below the stagnation level is
assumed to be stably stratified and have negligible diffusion.
The plus and mnus sign in the convective term (third term sub-
script is for direct or reverse |eaching respectively. The |ast
termaccounts forthe change in specific gravity due to the dis-
"solution of salt. The boundary condition at the upper boundary
(oil blanket) is a zero derivative condition on the specific
gravity corresponding to no flux acrossthis boundary. At the
| ower boundary a mass balance is done simlar to that at the stag-
nation level. |f the atagnation |evel coincides withthe upper
or |lower boundary its calculated boundary val ue supercedes the
ot hers.

The solution to any differential equation is determned by
its boundary conditions. The boundary condition at the stagnation
|l evel is computed at each tinme step fromthe values at the previous

time step and errors tend to accunulate. The cavern vol une and

15
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shape are very sensitive to the boundary val ues used, so it is
inportant to limt the errors on thesevalues. This is accom
plished by performng a global mass bal ance at each time step and
computing a correction factor for the concentrations and boundary
conditions to be used in the next time step. This forces the
tine integration to follow a self-consistent and self-correcting
pat h.

The total nmass of brine in the cavern, M, is conputed by

the time integra

' T, N
VSR -
Mp = Mgq +_/;( - . Csalt + 91 €y Qg + Qf411) Cp) de (19)

where Q, is the outlet volume flow rate for no oil flow
Qgi11 IS the oil volume flow rate
o is the brine S.G at the production |eve
Tis the time period
meo IS the initial nmass ofbrine in the cavern
and N is the nunber of nesh intervals used.

The total nass of brine in the cavern, M, is conputed by

2
Mo = D ar(I) az c(1) (20)
|-
the correction factor for the stagnation |evel boundary condition

is then found by

Corr. Fac=£?- (21)
M.

This factor is always close to 1 and is printed out with each

result. A value ofl for the correction factor only neans, of



course,

t hat

-

the calculation is self-consistent,

is nodeling any physical situation correctly.

and not

t hat

it

17
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RESULTS
In order to test the performance of the new solution mning
code conparisons were nmade between cavern shapes calculated wth
the new code and the SMRI code for several cases. \Were possible,
conpari sons between nmeasured data have al so been made.
Conparison Wth SALT77

The SMRI code has been verified for the cases of bottom
injection and brine renoval at the top (direct |eaching) and top

injection and bottom brine renoval (reverse leaching).' Since a

degree of confidence has been established for the SVRI code for

the sinple direct and reverse |eaching cases, the first conparison
to be made will be for leaching a 0.625 foot radi us borehole in
the direct node for 40 days at a flow rate of 10603.5 £t3 /hour
(1322 gallons/mnute) of water with an S.G of 1.0108, and then
in the reverse nmode at the same flow rate for 100 days. Figure 2
shows a conparison of the cavern shapes calculated with the SMRI
code and the new code. The cavern shapes are al nost identica
differing only near the injection region by about 10% The
overal | cavern volunes differed by 5.5% at the end of the mning
process. The produced brine saturation percent differed by |ess
than 0.3%

Bryan Mound Cavern 106

Some data is available fromthe direct |eaching of Bryan
Mound Cavern 106. Two wells, A and B were sinultaneously |eached
for one day at a flow rate of 15078 £t3/hr, then for.84 days at
an average flow rate of 6596 £t3/hr. The injection water was

assunmed to have a specific gravity of 1.0108. A 7-inch injection
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tubing was set at a depth of 4450 feet and a 10-3/4 inch produc-
tion casing was set at a depth of 2280 feet. The initial borehole
size Was taken to be 15 inches in diameter. In actuality, thetwo
wel I's woul d eventual |y coal esce with each other and with a third
wel | started later therby formng Cavern 106. Al sinulations
and data di scussed hereare for the period when each well forms a
separate cavity. This case was sinulated with both the SMRI code
and the new code neglecting insolubles. The results are shown in
Figure 3 along with sonar caliper data taken by the Dowel 1 Cor por -
ation between July 2 and July 6, 1980. The radii data plotted

in Figure 3 are effective radii, which, if the cavern cross sec-
tion were circular give the same area as that measured (the same
as the RVMS radius). The calculated curves practically fall on
each other, differing by 2% or |ess over the whole depth but both
underestimate the neasured vol unme by about 20% This discrepancy
coul d be caused by a nunber of factors. The assumed tenperature
for all calculations was 75°F but the exit tenperature of the
brine was as high as 98°*rduring sone of the |eaching. The

i nsol ubl e. 8 content was neglected (about 7% . The cal cul ations
assume an axisymmetric geonetry but the actual cross sections
were not circular. This fact can be significant becausethe

| arger surface to volume ratios woul d cause nore salt to dissolve
than was estimated. The sonar data was taken in eight directions,
and if the average value oftheradii are taken rather than the
RVS value the results are quite different indicating a large
deviation fromcircularity. Figure 4 showsthe average radius
data plotted with the calculated values. This plot indicates a'
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better fit and the calculations even seemto overestimte the
cavern size slightly. The asymetries in the dissolution of the
cavern can be caused by the presence of highly soluble sylvite
deposits, wuneven distribution ofanhydrite or other insolubles,

or uneven convective mxing of the injected water, none of which
can be accounted for in an axisymetric calculation. Considering
-all the assunmptions that were made, the calculated results seem
quite good.

Bryan Mound Cavern 104

Sone data exists for a slightly different |eaching configu-

ration in Bryan Mound Well 104 B. athat cavern direct |eaching
was al so enpl oyed but the production casing was placed well bel ow
theoi | bl anket and only 200 feet above the injection point which
was at 4400 feet depth. The following raw water flow rates were
estimated by Bryan Mund operations personnel for the 46 days

prior to the first sonar caliper survey.

Day Fl ow Rat e (£t3/hr)
1 970. 5
2 10250. 6
3 6192. 1
4 10723. 8
5 . 7 8437.9
8 - 11 7282.9
12 - 21 8678.5
22 =23 8470.0
24 =26 0.0
27 =3 4 8470.0
35 9496.6
36 =46 7282.9

Dat a fromthe Dowell Corporation sonar caliper survey of
September 5, 1980 are shown in Figure 5 along with sinulation
results fromthe sMrr code and the Sandia Code. The radii plotted
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are effective (RMS) values. Since the cross sections are nearly
circular for this case, the average values are only slightly
different. It 48 seen that the SMRI code significantly overpre-
dicts the roof radius while underpredicting the cavern volune and
base radius. The dissolution above the brine production level is
determ ned by the m xi ng nodel . For the Sandia code mxing is
based on the eddy diffusion nodel previously described. It appear8
that this nodel provides a close approximtion to the actual m xing
occurring in this leaching configuration. The sane data is plotted
in Figure 6, but the calculation8 shown include the effect of 7%
insolubles. The version of the SVRI code that is available to us
was not designed to include insoluble buildup so the cal cul ations
shown in Figure 6 were done using a nodification incorporated;by

W E. Wwak of Sandia National Laboratories. The inclusion of

i nsol ubl es produce8 an even better fit to the data and inproves
confidence in the nodels used.

Leach-Fill Sinmul ation

Unfortunately, no data are available at present to test the
options for which the code was devel oped, nanely the |each-fill
and oil wthdrawal nodes. An exanple of each type of calculation
will be given however to illustrate code capability and for com
parison with future data.

The first exanple is for a leach-fill process in a ful
sized SPR cavern (nominal oil capacity = 10 nmillion barrels).

The cavern is assumed to have been solution mned to a vol une of
4,383,800 barrels at the start tinme of theleach-fill process.

The raw water injection is assuned constant at 32775 ft3/hr
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(140, 000 BPD), insolubles are neglected, and the fol |l ow ng solu-

tion mning schedule is followed.

Fl ow Duration H?ectim1 Pr oducti on Ql_Flow
(Hour s) Depth (feet) Dept h (Feet) (rt3/Hr)
1680 2300 4100 0
3600 3100 4100 2644
1200 3100 4100 2995
2400 3800 4000 3744
7206 3800 4000 7206

The cal cul ated cavern shape at the end of each of the above steps
is shown in Figure 7. An approxination to the above process can
be carried out with the SMRI code by sequencing a large nunber

. of runs. The method of adjusting the boundary conditions between
runs will cause a slight underestinate of the cavern vol ume.

Such a calculation for the above case has been carried out by H
C. Shefel bine of Sandia National Laboratories. The cal cul ated
cavern shape is simlar to that in Figure 7, except that there is
more vol ume near the top of the cavern and |ess near the bottom
The volunme Shefelbine calculated is 12.2 mllion barrels, which
IS 4% lower than the 12.7 mllion barrels calculated with the
Sandia code. Again there is good agreenment with the expected
resul t.

Ol Wthdrawal Simulation

The final example is for five cycles of fill and w thdrawa
of oil in thestandard SPR cavern of the previous exanple. 1Itis
assuned that.the 12.7 mllion barrel cavern contains 10 mllion
barrels of oil and 2.7 mllion barrels of saturated brine. The
oil-brine interface is 680 feet above the bottom of the cavern.
Raw water (SG = 1.0108) injected at 49603 £t3/hr at a hei ght of
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400 feet is used to displace the oil until the interface noves to
the top of the cavern (height = 2450 ft). A zero flow condition
I's then maintained for twenty days to allow the cavern brine to
approach saturation (»90%). The cavern is then filled with oi
again (instantly) and the withdrawal cycle, including the zero
flow period is repeated. Figure 8 shows the initial cavern shape
and the cal cul ated shape after each withdrawal cycle. The cavern
vol umes for each curve are listed in Figure8 frominner to outer
curve. As expected, the region of the cavern just above the raw
water injection |evel grows the fastest becauseit isexposed for
a longer' period oftine to the |owest salinity brine.

It has been assumed in these cal culations that when the oi
is withdrawn the surface oil filmcovering the salt isquickly

eroded and does not retard the dissolution ofthe freshly exposed

ofthe filmrenmoval isnot yet known) and if it is not valid the
final shape can deviate significantly from that shown. Wen data
on the filmrenmoval delay time becones available the code can be

modi fied to incorporate this effect.

salt surface. This assumption nmay not be valid (the exact mechanics
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CONCLUSI ONS
A new solution mning code has been devel oped which is suit-
able for calculating cavern devel opment in salt. The code is
presently in usable formon the Sandia CDC 6600/7600 system |t
Is applicable to axisymretric caverns having a single injection
and production level. It hasoptions of |eaching with or wthout
motion of the oil blanket so that leach-fill or oil wthdrawal
operations can be simulated. The raw water injection options
include direct, reverse and zero flow conditions. If know edge
-ofthe local insoluble8 content or salt dissolution rate is
available, it can be incorporated into'the calculations.
Comparison of the code results with the SMRI sol ution mning
code, SALT77, show very good agreement for four different exanples
considered. A fifth exanple, Bryan Mund Cavern 104 B, shows
some deviation fromthe SVRI calculation but excellent agreenment
with the available data. Conparison of both codes with data from
Bryan Mound wells 106 A and B showfair agreenment despite the.
fact that these wells deviate considerably fromthe axisymretric
assunption. Cal culations which exercise the leach-fill and oi
wi t hdrawal options have been performed for a full sized SPR cavern
but at present there is no way to evlauate their accuracy.
Several nodifications or extensions to the code are being
consi dered. These include, incorporation of well hydraulic calcu-
lations, automatic tine step selection, a non-axi symmetric cavern
option, and a better salt entrainment nodel
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